Because of higher extinction rates due to human and natural factors, more basic and applied research in reproductive biology is required to preserve wild species and design proper strategies leading to sustainable populations. The objective of the review is to highlight recent, inspiring breakthroughs in wildlife reproduction science that will set directions for future research and lead to more successes in conservation biology. Despite new tools and approaches allowing a better and faster understanding of key mechanisms, we still know little about reproduction in endangered species. Recently, the most striking advances have been obtained in nonmammalian species (fish, birds, amphibians, or corals) with the development of alternative solutions to preserve fertility or new information about parental nutritional influence on embryo development. A novel way has also been explored to consider the impact of environmental changes on reproductionthe allostatic load-in a vast array of species (from primates to fish). On the horizon, genomic tools are expected to considerably change the way we study wildlife reproduction and develop a concept of "precision conservation breeding." When basic studies in organismal physiology are conducted in parallel, new approaches using stem cells to create artificial gametes and gonads, innovations in germplasm storage, and more research on reproductive microbiomes will help to make a difference. Lastly, multiple challenges (for instance, poor integration of new tools in conservation programs, limited access to study animals, or few publication options) will have to be addressed if we want reproductive biology to positively impact conservation of biodiversity.
Introduction-the role of reproductive science in species conservation
Extinction of animal and plant species is currently occurring at a much higher rate than speciation because of detrimental human activities, such as habitat destruction, overhunting/fishing, and poaching. In addition, climate change modifies natural habitats and drives the emergence of new challenges affecting wildlife and the environ-ment (from the modification of migration patterns to the expansion of disease; [1] ). Conservation biology aims at understanding and sustaining thriving biodiversity because the disappearance of even a single species can compromise the functioning of an entire ecosystem [2] . The core of animal conservation is the maintenance of genetic diversity within populations that are large enough to be sustainable for the long term. In addition to protecting viable populations in their natural habitat (in situ conservation), it is critical to maintain populations in captivity (ex situ conservation) for subsequent reinforcements or reintroductions. Eventually, in situ and ex situ conservation breeding programs ensure a habitat that is healthy and able to provide sustainable sources of clean water and food products to local human populations [2] . Unfortunately, the International Union for Conservation of Nature (IUCN) estimates that 25% of mammals, 12% of birds, 20% of reptiles, 30% of amphibians, 20% of fishes, 30% of invertebrate, and 55% of plant species are threatened with extinction (IUCN 2018, http://www.iucnredlist.org/). Furthermore, many wild animal populations are small and scattered in their habitat with little or no opportunity for genetic exchange, which increases homozygosity and inbreeding that, in turn, leads to a poor adaptive capacity to environmental changes as well as fertility problems [3] .
Understanding and sustaining reproduction is an essential piece of the conservation puzzle in which protection of natural habitats remains one of the highest priorities. This encompasses a very complex research for multiple reasons. The primary hurdle is that reproductive biology is highly diverse between or even within animal species [2] . Comparative knowledge generated from studies across species is essential to decipher complex mechanisms in newly investigated species. However, compared to domestic or livestock animals, studying reproductive biology of wild species is more challenging because of the access to small numbers of individuals, the lack of specialized facilities and expertise to safely handle animals, and too few sustainable funding sources to support the research efforts. Reproductive fitness may be impaired in small and fragmented populations as well as in captivity, not only because of the increased homozygosity but also due to restricted space, health and husbandry problems, nonadapted diets, or modified sexual behavior [3] . Importantly, natural, sexual, and artificial selection in breeding centers can cause permanent shifts in behaviors and reduce the diversity of temperament traits. Reintroduction success may be compromised if breeding programs ignore that diversity and inadvertently lead captive populations towards domestication [4] . Lastly, it is more impactful, but also more complex, to study reproduction of a given species using simultaneous approaches. From the molecular/cellular levels to the whole organism and population levels, the proper combination of behavioral or observational studies with basic biological approaches is essential. Eventually, fundamental knowledge in husbandry can also be used to enhance natural mating in wild populations. This multifaceted approach was highly successful in several species. For instance, a sustainable captive population of golden lion tamarins (Leontopithecus rosalia) was built following this multipronged strategy and led to reintroduction in in Brazil [5] . Another example is the productive captive breeding of clouded leopards (Neofelis nebulosa) in Thailand (http://www.cloudedleopard.org/thai breeding) resulting from long-term efforts in understanding basic reproductive biology, behavior, and nutrition. Similarly, many years of reproductive science and biotechnologies in the Houbara bustard (Chlamydotis undulata) have contributed to reintroduction success in its initial range [6] . Another success story is the reintroduction and multiplication of the endangered HiHi bird (Notiomystis cincta) in New Zealand that was made more successful by the setting up of feeding stations [7] .
Conservation breeding can also be optimized with the use of assisted reproductive techniques (ART) to enhance the genetic management of endangered species and overcome infertility issues. These approaches have been widely promoted over the past decades for sustaining small populations of rare mammals [8] . However, solid knowledge of reproductive traits is required before developing ARTs in any given species. Besides the techniques of artificial insemination, embryo transfer, and in vitro fertilization, a wide range of methods and tools have been developed [9] . These include noninvasive hormonal assessments for accumulating fundamental knowledge in diverse species (e.g. ovulatory mechanisms, seasonality, pregnancy, infertility) and manipulating reproductive activities (e.g. superovulation, estrous synchronization; [10] ). Associated efforts in germplasm cryobiology and biobanking also have played a key role in establishing biorepositories for capturing and measuring extant genomic diversity, studying cellular/molecular mechanisms, and enhancing genetic management of population using ARTs [11] . Importantly, as observed for basic reproductive traits, species specificities also exist for in vitro conditions and cryopreservation needs. Systematic approaches therefore are required to develop optimal protocol among even closely related species.
Unfortunately, we know very little about reproductive biology in wildlife (reproduction in only 250 species have been properly described) with efforts still remaining mainly concentrated on mammals and birds [2] . Production of offspring using ART has been reported in more than 50 species [9] but successful integration of AI (mainly with fresh semen) into population management has only occurred in two species so far-the giant panda (Ailuropoda melanoleuca) [12] and the black-footed ferret (Mustela nigripes) [13] . As a consequence, we are far from being able to assess long-term survival of offspring produced by ART as it is currently explored in human and livestock species [14, 15] .
Despite the limited knowledge in wildlife reproduction and the challenges faced when conducting research or integrating "classical" ARTs into population management or conservation programs, there is an urgent need to explore more options in all areas (from basic biology to fertility preservation) to make progress faster and save more species from the brink of extinction. This urgent need is the motivation to explore new horizons in the reproductive biology of wild species. The objective of the review is to highlight recent, inspiring breakthroughs in reproductive biology of wild species that will set directions for future research and lead to more successes in conservation biology.
Recent breakthroughs in reproductive biology and fertility preservation of wild species
From mega-vertebrates to amphibians-a slow but better understanding of reproductive biology directly contributing to conservation programs
The past decade has been rich in new discoveries and progress. Here is a brief selection of striking examples.
Synchronization of reproduction in large groups of migrating species, such as the wildebeest (Connochaetes gnu), is a fascinating phenomenon that was understood recently. It was clearly demonstrated that synchronization of female estrus in wildebeest herds is determined by male rutting calls [16] . Authors combined a seasonlong field experiment in the Serengeti (including noninvasive monitoring of steroid hormones in fecal samples) with simple stochastic process models to show that females exposed to playback of male rutting vocalizations are over three times more synchronous in their expected time to mating and calving than a control group isolated from all male stimuli.
Integration of reproductive studies (from gamete biology to behavior) into captive breeding of endangered Iberian lynx (Lynx pardinus) also has fundamentally supported the conservation of this highly seasonal species [17] . Thorough studies have led to a better understanding of unique traits. For instance, the unexpected persistence of active corpora lutea for multiple years maintains significant circulating levels of progestagens (across multiple estrous cycles producing additional, fresh corpora lutea). This persistence is partly regulated by the actions of sex steroids through their nuclear and/or membrane receptors [18] . In that same species, genome-wide single nucleotide polymorphisms (SNPs) now provide powerful, efficient, and flexible tools for relatedness estimation, individual identification, and parentage assignments. This will inform ongoing captive breeding, translocation, and reintroduction plans through noninvasive monitoring of Iberian lynx populations [19] .
After more than two decades of research in giant panda reproduction, recent studies show that we are getting close to deciphering the mystery of pregnancy signals in that unique species [20] . Patterns in urinary LH and progestagen production during gestation differ between giant pandas that successfully give birth and those that do not. This may be used to distinguish real pregnancies from pseudopregnancies or miscarriage.
Captive breeding of endangered birds is far from optimal. Whooping cranes (Grus americana) that are maintained ex situ experience delayed onset of reproduction, as well as low egg production and egg fertility compared to wild populations. Advances in the understanding of mechanisms regulating ovarian function and egg production, especially the influence of males (presence and behavior) on endocrine and reproductive behavior in females, may help to identify the underlying causes of poor reproduction in whooping cranes housed ex situ. Management strategies, such as environmental enrichment, and reproductive technologies, including AI with frozen semen may benefit captive reproduction and successful reintroductions [21] .
Because of the pet trade and the rapid spread of the chytrid fungus, there has been an accelerated increase in amphibian species threatened with imminent extinction [22, 23] . This has necessitated the creation of dozens of captive breeding programs. However, there is a critical lack of knowledge in taxon-specific husbandry. Also, creating links between breeding in captivity and the wild can greatly improve conservation status for endangered amphibian species [24, 25] . So far, reproductive research integrated into amphibian conservation programs has proved to be efficient in multiple species including the Wyoming toad (Bufo baxteri) or the Kihansi Spray Toad (Nectophrynoides asperginis) in Tanzania [26] .
Advances and benefits of fertility preservation and germplasm preservation in conservation programs-lessons learned from nonmammalian species
Researchers interested in the conservation of avian species face an additional problem. Unlike the situation in mammals, female birds are the heterogametic sex, which means that sperm freezing has the disadvantage of only preserving half of the genome. This problem has been recognized for many years and researchers in this field were among the first to consider the merits of isolating and transplanting primordial germ cells and spermatogonia from one individual to another (for reviews, see [27] [28] [29] ). It is well established that primordial germ cells can be isolated from the developing gonads of embryos recovered from fertilized eggs [30] [31] [32] [33] . If these cells are injected into the bloodstream of recipient embryos, they will migrate to the developing gonads of the host [34] [35] [36] . Although these strategies were developed mainly for banking valuable commercial resources in the poultry industry, they are also potentially useful for supporting conservation actions for other avian species. Kang et al. [37] demonstrated that when pheasant primordial germs cells were transferred to chicken embryos, this process resulted in chimeric embryos that produced functional gametes [38] , eventually breeding with female pheasants and producing offspring. More recently, Nakajima et al. [39] demonstrated that primordial germ cells derived from two endangered species, the Oriental stork (Ciconia boyciana) and the Northern bald ibis (Geronticus eremita) both migrated to the gonads of recipient chick embryos, which would, in principle at least, probably also produce functional gametes ( Figure 1 ). It remains to be seen whether these technologies, which have been reviewed in detail [40] , will be realistically and successfully used for the conservation of endangered avian species.
Although the cryopreservation of fish spermatozoa has been widely used in aquaculture for many years (for reviews, see [41] ), oocyte cryopreservation (and hence maternal genotypes) has so far proved to be an intractable problem. Large sizes of fish oocytes and embryos, coupled with their thick and impermeable outer coverings, has meant that the cryopreservation techniques that have been successful with mammalian eggs and embryos only cause lethal intracellular ice crystal formation (reviewed by [42] ). This problem has severely restricted the opportunities for preserving viable genetic materials from fish species, whether these are of industrial, biomedical, or conservation importance. Solving this problem has required some innovative thinking and it is to the credit of several research groups that they refocused their approaches, taking on the possibility that various cells types of germ cells could be extracted from either ovaries or testes, frozen and stored, and then used to repopulate the ovaries and testes of recipient animals ( Figure 1 ). Such methods have proved to be remarkably successful, even though the relevant research programs are still relatively recent. When cryopreserved spermatogonia extracted from the testes of rainbow trout (Oncorhynchus mykiss) were injected into the peritoneal cavity of recently hatched masu salmon (Oncorhynchus masou), they colonized the gonads of the recipients and were able to generate either spermatozoa or oocytes [43] . Remarkably, the procedures were successful with spermatogonia derived from fishes that had been in cold storage for 5 years and have also been used in the context of conserving a highly endangered fish species, the Manchurian trout (Brachymystax lenok) [44] . The use of these techniques, which seem to be widely applicable across fish species, including catfish [45] , brown trout (Salmo trutta m. fario), and the European grayling (Thymallus thymallus) [46] , has recently been reviewed [47] . The advent of fish germ cell storage technologies has prompted some successful developments in the vitrification of fish spermatogonia [48] , spermatozoa [49, 50] , and fish ovarian tissues [51] . Although the primary motivation for these studies might not have been species conservation, all of the authors who have published these papers have nevertheless cited wildlife conservation as one of their main aims. Lastly, the successful laser/nanoparticle-based warming process in vitrified zebra fish (Danio rerio) embryos could be applied to rare fish species as well, and with proper modification, could potentially be used for other vertebrate embryos [52] .
The successful production of live fish offspring from cryopreserved germ cell transplantation has also prompted conservation scientists with an interest in threatened amphibians to propose that similar strategies could also work with these species (Figure 1 ). The value of genetic resource banks focused on threatened amphibians has also been proposed as an important method conserving these species [53] . However, although sperm cryopreservation in Xenopus species is widely practiced for the maintenance of important genetic lines in the context of developmental biology research [54] , the more complex germ cell technologies now available for fish conservation have yet to be developed for amphibians. In addition, frogs and toads have the unfamiliar mechanism where sperm cells go first to the bladder and are then released with urine. Surprisingly, when "spermic urine" samples are frozen and thawed, they may retain a reasonable ability to fertilize eggs in vitro. Significant progress has been recently made in Panamanian golden frogs (Atelopus zeteki) in terms of sperm biology and lessons to be learned for handling, preservation, and artificial fertilization [55, 56] . However, collecting eggs for artificial fertilization in golden frogs and in many other amphibian species remains a major hurdle that can only be overcome by comparative studies of gamete biology and fertilization.
Recent advances in coral preservation also are very encouraging. Cryopreservation of coral sperm cells can enable efficient, large-scale assisted gene flow in corals. This form of assisted migration can not only help to preserve the population-level genetic diversity of extant coral populations but also help to increase population resilience to global change. Based on the first-ever elkhorn coral (Acropora palmata) crosses produced in captivity, this is the first evidence that geographically separated and genetically isolated populations of any Caribbean coral are reproductively compatible [57] . Moreover, with over 4700 A. palmata settlers (several week-old coral buds) produced using cryopreserved sperm cells, this represents the largest living wildlife population ever created from cryopreserved material [57] . Besides this huge achievement, another promising advance in long-term preservation of germplasms from nonmammalian species is the development of laser-warming methods to successfully reanimate vitrified coral larvae [58] .
Influence of nutrition on reproductive success-the seahorse model
Nutritional support is provided to developing mammalian embryos via their complex interactions with the placenta. Analogous but di-verse embryonic support mechanisms leading to the birth of live offspring are believed to have evolved about 150 times in different vertebrate clades including fishes and amphibians. There are more than 25 000 species of fish, of which about 500 are viviparous [59] , and their reproductive adaptations do not always involve the provisioning of embryos via placenta-like structures. However, given the considerable current degree of interest in fetal programming, whereby the nutritional environmental experienced by the mother before conception has a significant impact on the future health of adults [60, 61] , it is worthwhile considering the utility of fish models in the context of this field. These relationships are now well recognized in humans, owing mainly to a series of studies linking early life nutrition to the onset of diseases in adulthood (see, for example, [62, 63] ). The subject is now widely known as the "Developmental Origins of Health And Disease" (DoHad; for review, see [64] ).
One group of fishes, the Syngnathidae (seahorses and pipefishes), is especially relevant in this context as it is not only feasible to use them as research models, but their responses to environmental conditions provide reproductive insights that are of considerable value in terms of conservation science. Seahorse and pipefish embryos, like those of most fishes, possess a yolk sac as a source of nutrients. However, unlike most fishes, these embryos develop within a brood pouch, which is a specialized body cavity only found in males [65, 66] . Recent radioisotope studies have demonstrated that male pipefishes contribute towards embryonic nutrition via the brood pouch [67] [68] [69] . Embryos then become embedded within well vascularized [70] depressions of the interior lining of the brood pouch [71] , and the fertilized embryos develop to term within a closed environment. Thus, the brood pouch of the male is becoming more widely regarded as functionally equivalent to a mammalian uterus. Indeed, recent genomic studies have shown that the seahorse/pipefish pouch expresses genes more commonly associated with the mammalian uterus and oviduct [72] .
As seahorses are widely exhibited in zoos and aquaria, there is a substantial body of research on the merits of diets and feeding regimes [73] [74] [75] [76] [77] . However, relatively little attention has been paid to the experimental study of pre-and periconception diet in relation to embryonic growth and survival. One study [78] , in which male and female Hippocampus reidi were fed separately with different qualities of diet ("wild caught" or "commercially available"), showed, however, that preconception dietary effects could be distinguished on the basis of gender ( Figure 2 ). When females that had only received commercial diet prior to mating were mated with males that had received the natural, wild caught, diet consisting mainly of small crustaceans, the resultant embryos showed poor survival after birth, coupled with distortion of relative head and snout size. Conversely, when males that had been provided only with commercial diet prior to mating with females that had received wild-caught diet, the resultant offspring were abnormally large and showed much poorer survival the corresponding control offspring (Figure 2 ). The main difference between diets concerned the content of polyunsaturated fatty acids, with the commercial feed being somewhat, but not enormously, less enriched. These results showed that seahorses could potentially be used as model organisms, where, because of their biology, it is possible to distinguish between dietary effects induced via oocyte quality (thereby mediated solely by females) and those affected by the quality of pouch (placental) support, which are mediated via males. The ability to separate male and female mediated impacts of the periconception diet cannot be achieved using any other type of vertebrate. Values are expressed as mean ± SEM. The offspring produced when males fed with C diet were mated with females fed the W diet were significantly taller (P < 0.01), with longer tails (P < 0.01) than the corresponding controls (i.e. both maternal and paternal fed with W diet). Offspring born from females that received C diet prior to conception were small in all treatments [78] . (B) Photograph of a normal 1-day-old seahorse, produced when both parents had received wild-caught diet for a month prior to conception (a); 1-day old seahorses with distorted snouts (b, c) produced by couples in which the males had received commercial diet prior to conception while the females had received wild-caught diet. (Scale bars represent 2 mm.) Photographs by courtesy of Dr Francisco-Otero Ferrer, University of Las Palmas, Gran Canaria.
The allostatic load-an emerging concept in the study of wild species reproduction As we emphasized earlier, wild species must be provided with conditions that individuals need not just to survive, but also to thrive. Developing and applying tools to assess multiple physiological systems is essential to measure individual well-being. Vertebrate stress responses are highly adaptive biological functions, maximizing survival probability in life-threatening situations. However, experiencing repeated and/or chronic stressors can generate physiological dysregulation and lead to disease. Identifying responses to stressors is best accomplished considering the "allostatic load," which is defined as the physiological dysregulation that accumulates over the lifespan due to stressful experiences. Allostatic load is measured using combinations of biomarkers from multiple somatic systems [79, 80] . An allostatic overload occurs when cumulative resources available to an individual are exceeded by the sum of its energetic costs. This approach is highly relevant to better understand what defines health/fitness and well-being of wildlife populations living ex situ and in situ. Glucocorticoid hormones play a major role in orchestrating coping mechanisms and are critical for enduring extreme climatic events. However, a range of physiological biomarkers have to be used (neuroendocrine, immune, metabolic, organ function/chemistries), with welfare outcomes (health assessments, reproductive cyclicity) and other potential factors (temperament, environmental variables) [79] .
Recent studies in wild gray mouse lemur (Microcebus murinus) have shown that there are sex-and season-specific effects of age on allostatic load [81] . Measuring glucocorticoids in fecal samples, authors found a positive age effect in the dry season, when food and water availability are low and mating takes place, suggesting impaired coping of aged wild animals. The age effect was significantly stronger in females, the longer-lived sex [81] . Another study used a biomarker allostatic load index (including albumin, CRH, cortisol, DHEA-S, glucose, IL-6, TNF-α) in western lowland gorillas (Gorilla gorilla gorilla). Significant associations were observed between multiple predictor variables and allostatic load, including sex, age, number of stressful events, and rearing history [82] . Interestingly, results were consistent with those reported in human allostatic load research, suggesting allostatic load indices have potential as an investigative and clinical tool for gorillas and other great apes. However, they could not conclude whether costs of reproduction (number of pregnancies) impacted allostatic load [82] . As illustrated in Przewalski horses (Equus ferus przewalskii), measuring heart-rate variability represents another promising tool to understand how animals integrate their reproductive life in an everchanging environment and potentially identify anthropogenic influences that cause stress during gestation [83] . Horses had lower heart rates when resources were limited in the winter indicating decreased metabolic rates. In spring, a peak in heart rate indicated an increase of allostatic load most likely associated with increased energy demands during pregnancy and/or seasonal routines such as the adjustment of the gastrointestinal system to better quality diet [83] .
In many bird species, the occurrence of potentially disruptive climatic events such as storms is increasing in frequency, duration, and intensity resulting in higher mortality and reduced reproductive success [84] . Stress in fish is also a major influence on reproduction and behavior, but monitoring stress in these species is complex. There are species-specific physiological differences to stress coping between seabream (Sparus aurata) and seabass (Dicentrarchus labrax) at the endocrine and neuroendocrine molecular level. Based on multiple biomarkers, seabass appear less resilient to stress which show that comparative studies in those species are critical to inform husbandry and welfare decisions [80] .
Future directions
The growing role of genomic tools in understanding and sustaining reproduction of wild species
The use of traditional genetic data for ensuring the sustainability of wild animal populations has shown some limitations and potential biases. For instance, some temperament traits or resistance to diseases that are so critical for future reintroductions may be lost in captive settings [85] . Similarly, valuable reproductive traits are not easily identifiable and are not taken into account in genetic management (mainly based on relatedness between individuals). Paired with next generation sequencing technologies, population genomics holds great promise for overcoming these limitations. It will also lead to precise estimates of population genetic parameters and identification of specific loci underlying traits of interest, including reproduction [85] . As demonstrated in genetic management and noninvasive monitoring of Iberian lynx populations, new panels of highly informative genome-wide SNPs are powerful, efficient, and flexible tools [19] . This example also highlights an important outcome of whole-genome studies in genetically threatened species. Another breeding program has also successfully integrated the genomic tool. The Burmese roofed turtle (Batagur trivittata) is one of the world's most endangered turtles [86] . Conservation efforts for that species have raised >700 captive turtles since 2002, predominantly from eggs collected in the wild. Based on de novo assembly (in the absence of reference genome), approximately 1500 unlinked genome-wide SNPs were obtained. Two groups of individuals from the captive pool that were the most genetically diverse were reintroduced, leading to an increase in the number of fertile eggs in the wild. Other individuals selected on the same criteria were transferred to a zoo as an assurance colony [86] .
While those few examples are encouraging, there is still a gap between conservationists and geneticists as well as a lack of funds and expertise to integrate these advances in conservation breeding efforts [87] . Confidently, the booming area of comparative genomics and catalogs of reference genomes such as Genome 10K (http://genome10k.soe.ucsc.edu) will be more and more useful but there is a need for solid phenotypical data sets. This encompasses a thorough understanding of reproductive biology to make sense of the considerable volume of data that are not limited to genomics but also to transgenerational epigenetic inheritance [88] . Further understanding of gene regulations through transcriptomics will also help to explore intriguing processes, such as the one reported in the porcine model where the oviduct seems able to distinguish between X and Y-bearing sperm via innate mechanisms that we do not yet understand [89] .
Connecting genomics data to phenotypical data will require advanced high-performance computing and solid expertise in bioinformatics. This hopefully will lead to the discovery of new genes and proteins (noninvasive indicators or proxy) associated with specific reproductive traits (resistance or sensitivity to hormonal stimulations for instance) or anatomical features (gonadal development) that will help to optimize the animal management. It is also expected that key genes might be detected noninvasively (in fecal or hair samples for instance) as it is already done for species and gender identification in ungulates and carnivores [90, 91] .
New technologies and approaches that will soon enhance studies of reproduction in wild species Animal physiology, metabolism, and immune functions are affected by coevolved microbial partners (microbiota) in many more ways than through nutrition. The study of the microbiome (gene expression of microbiota) is tightly associated with next generation sequencing to identify microorganism populations (libraries for the prokaryote 16S ribosomal RNA gene (16S rRNA), shotgun approach, and metagenomics). In human and some domestic species, it has been shown that microbial communities within the male and female reproductive systems may affect fertility, from conception to implantation and birth outcome [92, 93] . While there currently are no published studies of reproductive microbiomes in wild species, there is no doubt that this research field will become essential in the coming years. So far, it is known that the mammalian female reproductive microbiomes participate in the initial contact between offspring and the microbial environment, and contribute substantially to the development of the neonatal microbiomes. Changes in these microbiomes could have substantial effects on maternal, fetal, and neonatal health which could affect reproductive success [93] . Understanding how the microbiomes of the male and female reproductive tracts regulates key events like conception, embryo development, and implantation will be essential. In addition, how those microbiomes are affected by factors such as captivity, habitat loss, human intrusion into habitats (including contact with domesticated animals), and climate change may be critical to conservation efforts.
Another emerging area is the production of gametes from induced pluripotent stem cells that has significantly advanced in laboratory rodents [94] . Technical challenges and research needs related to the use of stem cell technologies are also explored in livestock species and constitute another model for rare and endangered species [95] . Similarly, colonization of extracellular matrix with stem cells to create artificial ovaries are very promising approaches [96] . Recent productions of Southern x White rhino embryos and the isolation of embryonic stem cells from Southern white rhinos are encouraging starting points [97] . Coupled with optimized in vitro culture systems (microfluidics [98] ), this will offer many more tools to understand reproductive mechanisms in very rare species and produce more mature gametes.
In association with new ARTs, innovative germplasm preservation tools, such as desiccation and long-term storage at room temperature, represent ideal options for wild species [99, 100] . This will be especially relevant to parts of the world that do not have access to liquid nitrogen or sustainable electric power for freezers. Related to that topic, there also are some intriguing abilities of the female tract in mammals, birds, reptiles, and some fishes, to keep sperm alive at body temperature for multiple months. Finding out how these species manage this should be a priority in the coming years to improve options of biomaterial storage [101] .
Importantly, as currently studied in human and in domestic species [14, 15] , measuring the impact of ART (from cryopreservation to in vitro culture of germplasms) in wild species will be necessary. It is actually crucial to keep in mind that there are many benefits to compare human and wild species reproductive biology or ARTs [102] . This should also be true for the emerging concepts of evolution-development-environment (EVO-DEVO-ENV) in human that aim to explain how environments dictate reproductive strategies in the context of reproductive aging for instance [103] .
As mentioned earlier, bioinformatics will be more and more necessary for the collection, management, interpretation, and analysis of large data sets. Systems biology should also be developed for wild animal reproduction/fertility to quickly understand complex mechanisms in understudied species. Lastly, it will be essential to measure the influence of environmental factors in a more realistic way. Similar to the concept of allostatic load, the impact of combinations of toxicants/pollutants/pathogens should be considered instead of analyzing single factors. Lastly, we still need more experimental models (closely related to endangered species) and we should ideally be putting more effort into commonly available wild species right away instead of waiting for populations to become too small and too rare.
New ways to control overpopulations and invasive species
Animal management programs plan the breeding of the most genetically valuable individuals, but also identify animals already well represented that should not reproduce. Physical separation of individuals is not always possible so contraceptive methods are necessary. Thus, saving wild species also means avoiding overpopulation (in zoos or some natural habitats) and controlling the fertility of overabundant invasive species [104, 105] . This obviously requires critical knowledge of reproductive biology in target species as well.
Traditional use of steroids has led to the development of contraceptive vaccines and gonadotropic-releasing hormone (GnRH) agonists to control populations of wild horses, urban deer, captive zoo populations, and even African elephants [104] . However, more efficient and durable approaches are needed and will soon be implemented. Transgene-mediated expression of fertility-inhibiting molecules such as monoclonal antibodies, ligands for cell surface receptors, receptor decoys, or small RNAs are the most advanced approaches in that area. Adeno-associated virus can be used for vectored contraception for long periods of time [106] . Core issues that have limited immunocontraception for decades still remains (including the long-term efficacy following a single injection in all treated individuals).
For invasive species, another emerging option is related to the gene drive. This is a generic term for a variety of processes that in sexually reproducing organisms cause genes to be transmitted to successive generations at ratios greater than the classical Mendelian ratio. Synthetic gene drives altering fertility in subsequent generations could provide new solutions as it is currently experimented in insects or rats. However, there still are potentially adverse ecological outcomes at the individual (genotype, phenotype), population, community and ecosystem levels that have to be considered [107] .
Future Challenges
In this last section, we would like to highlight future challenges that inhibit the study of reproductive biology in wildlife and ideas to overcome them. Emerging issues related to climate change, spread of poorly known diseases, or overexploitation of natural habitats clearly remind us that we need to act quickly to prevent the loss of biodiversity [1] . Reproductive studies will always remain a high priority in the giant conservation puzzle. However, we have to be realistic about what our challenges are and make sure that we address them early on. While we can expect tremendous progress in the study of reproduction of wild species using new technologies (Table 1, Figure 3 ), we need to keep in mind that conservation means supporting whole organisms and reproductive fitness of entire populations. Table 1 . Research areas, technologies, and approaches in reproductive biology that will significantly contribute to species conservation in the next decade.
Fundamental research areas in basic biology
r Enhancement or suppression of fertility through the central nervous system: GnIH, Kisspeptins [110] r Final gamete maturation in the epididymis and the oviduct [111, 112] r Periconception nutrition [78] , conception, early embryo development, implantation, delayed implantation [113] r Influence of environmental factors on reproduction (combinations of stressors, toxicants, or pathogens) [114] r Reproductive microbiomes and connection with other microbiomes (gut) [93] r Multifactorial studies of behaviors and social structures
Use of current assisted reproductive techniques and biobanking (examples)
r Embryo transfer in pachyderms (rhinos and elephants) r Semen freezing and AI techniques for macropodids (wallabies, kangaroos) and other marsupials r Female fertility preservation in fishes and amphibians r Understanding and overcoming the potential long-term deleterious effects of embryo production in vitro Development and integration of emerging research tools r New biomarkers (combination of peptides, pheromones, volatile compounds) using omics tools [10] r Noninvasive detection and monitoring of stress and reproductive status using hair, feathers, scales, squames, skin swab, mucus, saliva r Integrative genomics and omics (genes and alleles associated with fertility traits, pregnancy monitoring and detection) r Fecal DNA analysis to identify individual animals r Bioinformatics (genomics, epigenomics, microbiome, systems biology, comparative studies)
Development of new assisted reproductive techniques and biobanking options
r Artificial gametes and gonads from stem cells [95] r Advanced in vitro culture techniques (microfluidics, three-dimensional systems, long-term culture) [115] r Biopreservation at room temperature (desiccation) [116] r Mimic sperm storage in the female tract [101] Improvement of working environment and conditions r Access to wild animals and samples through collaboration r Capacity building; establishment of training courses in developing countries r Collaborations between cellular biologists and conservationists r Publication options Genomic and epigenomic information will only have value when solid phenotypical data are integrated to them. Similar to the discipline of "precision medicine" currently developed in humans, it is time to create and develop a concept of "precision conservation" or "precision conservation breeding"-a more customized/tailored approach to optimize the potential of each individual in a population.
Future challenges are not only related to the application of new technologies but also to wild species preservation. As pointed out earlier, it is urgent to study species that still have large numbers of individuals in their populations. We need to convey this critical message to ethics committees that might be an obstacle in this respect, as they will often argue about the interest in subjecting individuals to various procedures that do not benefit them. Furthermore, for many reasons that often are not scientifically justified, access to live animals and creation of conservation breeding facilities are still difficult in regions that are rich in biodiversity (South-East Asia, South America). This has to be addressed by promoting ex situ conservation to decision makers and broader audiences and avoiding to the consideration of zoos as mere amusement parks [108] . In addition, existing constraints imposed on the circulation of genetic resources by international treaties like the Nagoya Protocol (Access to Benefit Sharing [109] ) may be soon applied to digital sequences as well. This would considerably limit the possibilities to study wild species. While recognizing the necessity of fair and equitable sharing of benefits arising from the utilization of genetic resources from a given country, our community has to be mobilized against exaggerated rules and join efforts to explain why this would be highly detrimental to biodiversity conservation.
Another set of challenges is the diffusion of knowledge. Data generated in wild species reproduction often are not easily publishable in peer-reviewed journals because of the limited number of observa-tions that can be made over long time periods. The constraints include difficult working environment (field studies, dangerous species, or stress-sensitive species) and poor funding, but without an efficient way to share those valuable data, too many studies remain inaccessible and unknown to the scientific community. Instead of creating new ways of sharing data on wildlife reproductive biology, existing peered-review journals should be persuaded to accept and publish studies that are perhaps more descriptive than in traditional species but that have a high conservation value.
It is also highly recommended to foster communication and coordination between experts in reproduction with physiological and conservation backgrounds. This could be achieved by making sure that scientific societies specialized in cell and organismal biology make room for presentations about species conservation. This is also valid for the creation of funding opportunities bridging multiple fields to tackle the lack of knowledge in biodiversity, while recognizing the critical role of comparative studies.
Unfortunately, the current international community of reproductive physiologists and veterinarians specialized in wild species preservation is very small. It therefore is urgent to attract and train more students in our field through clearly identified tracks at the university or in veterinary/medical schools.
In sum, success will require collective efforts to identify extant limitations and fundamental gaps in knowledge, both intellectual and practical, and joint efforts to secure long-overdue improvements (Figure 3 ) [87] .
Conclusion
Over the last decade, the optimization of new tools and approaches spanning from new biomarkers to bioinformatics has helped to accelerate the exploration and understanding of basic mechanisms (gametogenesis, fertilization, embryo development, implantation, and gestation) and how they can be influenced by different factors (seasons, aging, pathologies, or environmental changes). As itemized in Table 1 , many priorities can be identified for the coming years. While further use of existing approaches is critical, innovations will help to make a difference. However, saving species with reproductive biology should be methodical, with basic and applied research coming first to directly inform breeding programs or to develop ARTs and biobanking (Figure 3 ). Choosing priority species will still be a major point of discussion as it depends on many factors that are often not scientific. Ideally, we should study reproductive biology in common species (not only the rarest one) in each taxa. We also need to clearly designate target/flagship species in large taxa like fish and amphibians. In any ways, new directions in the study of wild species reproduction will enrich our understanding not only of reproduction but also of the molecular mechanisms and principles in cellular and organismal biology.
